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A novel guidance algorithm for launch vehicle ascent to the desired mission orbit is proposed. The algorithm uses total speciﬁc energy
and orbital angular momentum as new state vector parameters. These parameters are ideally suited for the ascent guidance task, since the
guidance algorithm steers the launch vehicle along a pre-ﬂight optimal trajectory in energy angular momentum space. The guidance algo-
rithm targets apogee, perigee, inclination and right ascension of ascending node. Computational complexities are avoided by eliminating
time in the guidance computation and replacing it with angular momentum magnitude. As a result, vehicle acceleration, mass, thrust,
length of motor burns, and staging times are also eliminated from the pitch plane guidance calculations. The algorithm does not involve
launch vehicle or target state propagation, which results in minimal computational eﬀort. Proof of concept of the new algorithm is
presented using several numerical examples that illustrate performance results.
 2014 COSPAR. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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The newly developed and patented (Patera, 2013) energy
angular momentum closed-loop guidance method (EAM)
provides a simple eﬃcient method to guide a launch vehicle
to its intended orbit. This paper provides a detailed
description of EAM and includes several numerical exam-
ples. A load relief algorithm that permits use of EAM dur-
ing atmospheric ascent is also included. EAM changes state
variables of an optimized pre-ﬂight trajectory to total orbi-
tal energy per unit mass, hereafter referred to as energy and
orbital angular momentum per unit mass, hereafter
referred to as angular momentum. With this change, any
orbit can be represented by a point in the E-(AM) plane
(Patera, 2003), where AM is the magnitude of the angular
momentum vector, J. Using energy and angular momen-
tum variables, the ascent trajectory is represented by ahttp://dx.doi.org/10.1016/j.asr.2014.12.019
0273-1177/ 2014 COSPAR. Published by Elsevier Ltd.
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E-mail address: Russell.P.Patera@aero.orgcurve in the E-(AM) plane that extends from launch pad
to orbit injection. EAM uses the pre-computed trajectory
in the E-(AM) plane to steer the vehicle to orbit. The key
innovation of EAM is relating the instantaneous pitch
angle to the slope of the pre-computed ascent trajectory
in the E-(AM) plane irrespective of vehicle acceleration
(Patera, 2003). Finding the correct vehicle pitch attitude
at each instant does not require vehicle propagation to
the target state, which can be at the end of a motor burn
or at orbit injection. This saves a signiﬁcant amount of
computational eﬀort. Using this pitch steering algorithm,
the vehicle will follow the pre-computed E-(AM) trajectory
to orbit injection when no dispersions are present. This is
similar to open-loop guidance methods that follow pre-
ﬂight trajectories. However, EAM is a closed-loop guid-
ance method that has a pitch angle correction algorithm
that uses deviations in the vehicle’s actual state vector in
the E-(AM) plane to determine the pitch correction. The
pitch correction serves to move the vehicle back to the tar-
get E-(AM) trajectory in the E-AM plane. For each valuecommons.org/licenses/by-nc-nd/4.0/).
Nomenclature
a vehicle thrust acceleration magnitude
A acceleration vector due to aerodynamic forces
AM angular momentum per unit mass, speciﬁc angu-
lar momentum
AMP function deﬁning the wind proﬁle
E energy per unit mass, speciﬁc energy
GM universal gravitational constant times the mass
of the Earth
ha altitude at which the wind proﬁle begins
hb altitude at which the wind proﬁle ends
i inclination
ic preﬂight inclination
INU inertial navigation unit
J angular momentum vector per unit mass
JP preﬂight speciﬁc angular momentum vector
JV vehicle speciﬁc angular momentum vector
JY cross product of speciﬁc angular momentum
and radius
kL load relief gain
k1 pitch gain
k2 yaw gain for ﬁrst yaw steering algorithm
k3 yaw gain for second yaw steering algorithm
LAN longitude of the ascending node
M(t) time dependent vehicle mass
p pitch angle
pL pitch angle for load relief
r radial distance
ra apogee distance
rp perigee distance
TGO time to go until engine shutdown
V velocity vector
v velocity magnitude
X position vector
DE delta speciﬁc energy
dJ diﬀerence in JP and JV
dS delta slope of E-(AM) curve
D angular momentum correction
dh yaw command
dhL yaw command for load relief
dp pitch correction for load relief
dy yaw correction for load relief
e small constant
e1 small constant
c ﬂight path angle
/ argument of latitude
X right ascension of the ascending node
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diﬀerence from the pre-ﬂight E-(AM) trajectory is found
along with the corresponding slope of the pre-ﬂight
E-(AM) trajectory. Each deviation is used in the pitch
steering algorithm to determine the pitch angle required
to move the vehicle’s state in the E-(AM) plane back to
the pre-ﬂight E-(AM) trajectory and ultimately to orbit.
EAM also includes a yaw steering algorithm that targets
the direction of the pre-ﬂight angular momentum vector
throughout launch ascent, thereby ensuring that the correct
inclination and right ascension of ascending node are
reached. Since J is normal to the orbital plane, the yaw
steering algorithm ensures that the E-(AM) plane remains
coplanar with the targeted orbital plane throughout ascent.
Similar to pitch steering, yaw steering uses angular momen-
tum magnitude as the independent variable to avoid per-
formance related time shifts. Thus, by ﬂying the vehicle
on the pre-ﬂight E-(AM) trajectory and correcting for dis-
persions that drive the vehicles state oﬀ of the E-(AM) tra-
jectory, EAM ensures that the correct apogee and perigee
are reached at orbit injection. In a similar fashion, the
yaw steering algorithm ensures that the correct inclination
and right ascension of ascending node are reached at orbit
injection. Since EAM guidance makes no simplifying
assumptions, it can ﬂy very long ascent orbit arcs involving
varying gravitational forces. The launch ascent can also
include yaw maneuvers that avoid land masses required
by range safety. Because the vehicle’s state is always closeto the optimized pre-ﬂight E-(AM) trajectory, the ﬂight
trajectory will be close to optimal. Similar to other
closed-loop guidance algorithms, EAM can be used in
the exoatmospheric region of ﬂight. Errors produced by
open-loop atmospheric ﬂight can cause position and veloc-
ity errors at closed-loop guidance initiation. EAM’s ability
to correct for position and velocity shifts is demonstrated
in the numerical examples. In addition, EAM can also be
used in the atmospheric ﬂight region, as shown in the
numerical example, which used EAM from pad liftoﬀ to
orbit injection. Since EAM corrects for trajectory deviation
regardless of the source of the deviation, EAM can ﬂy the
vehicle through various wind proﬁles. A load relief adjust-
ment based on lateral aerodynamic loads was included to
illustrate how vehicle structural loading constraints can
be satisﬁed. A numerical test case involving a northeasterly
wind was used to show how load relief can reduce the prod-
uct of dynamic pressure and total angle of attack, q-alpha.
Once out of the atmosphere, EAM drives the vehicle back
to the E-(AM) trajectory and ultimately orbit injection.
The numerical examples presented in this paper are for
illustration purposes. A more extensive analysis of EAM
performance through wind proﬁles showing aerodynamic
loads, engine deﬂection angles, etc., is beyond the scope
of this proof-of-concept paper. The purpose in this work
is to demonstrate that EAM guidance works, it is not an
extensive analysis of EAM performance against various
ﬂight dispersions.
EAM
Not Feasible
Elliptical
Hyperbolic
Fig. 1. Regions in the E-(AM) plane that are occupied by speciﬁc orbit
types.
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require great ﬂexibility during vehicle ascent and are well
established prior to launch. In these cases, a 3-degree of
freedom (3-DOF) optimized trajectory is developed for
each mission, as a ﬁrst step for mission planning and trajec-
tory development. The optimized trajectory is used in mis-
sion planning to show that the launch vehicle conﬁguration
can deliver the desired payload to the required orbit and
satisfy orbit injection accuracy. In addition, launch ascent
constraints, such as axial acceleration, aerodynamic loads,
free molecular heating, range safety and over-ﬂight must be
satisﬁed. Various methods to perform 3-DOF trajectory
optimization have been developed and are very eﬀective
in creating nominal ascent pre-ﬂight trajectories (Bauer
et al., 1984; Betts, 1998; Lawden, 1991). Once the mission
trajectory is established, it is used to create the correspond-
ing E-(AM) trajectory. EAM guidance steers the vehicle
along the E-(AM) trajectory and corrects for various dis-
turbance. EAM guidance is applicable to non-optimized
as well as optimized trajectories. EAM guidance can be
used on any type of trajectory, including parabolic,
elliptical or hyperbolic trajectories.
The ﬁrst section of the paper presents the energy angular
momentum state vector representation of a launch vehicle.
Elliptical, circular, parabolic, and hyperbolic orbit regions
are deﬁned in the E-(AM) plane. Typical ascent trajectories
in the E-(AM) plane are displayed for low Earth orbit, geo-
stationary transfer orbit and geostationary orbit. The pitch
and yaw guidance algorithms are developed in the next sec-
tions followed by EAM guidance processing. A load relief
algorithm for atmospheric ﬂight is presented. Finally,
numerical examples are presented that prove that EAM
guidance can not only deliver a payload to the target orbit,
but also can correct the trajectory for in-ﬂight trajectory
deviations. Numerical examples involve 3-DOF target
trajectories created with a 3 DOF vehicle simulation. A
3-DOF guided simulation for the same vehicle was created
by incorporating EAM with appropriate pitch and yaw
steering gains. Using a target trajectory, the 3-DOF guided
simulation steers the vehicle to the correct orbit injection
state. The guided simulation also demonstrated that it
could deliver the vehicle to the required orbit when signif-
icant dispersions were introduced. These include northeast-
erly and southwesterly winds, as well as, external
disturbing forces. An additional feature of EAM guidance
is that Instantaneous Impact Points (IIP) remain nearly
constant even when signiﬁcant performance deviations
are present. This is because the vehicle remains very close
to the E-(AM) trajectory throughout ascent using EAM
guidance. The advantage of the constant IIP feature is that
anomalous performance is less likely to cause over-ﬂight
and range safety violations. Numerical testing using a high
ﬁdelity 6 DOF simulation is beyond the scope of this proof-
of-concept paper. Nevertheless, results indicate that EAM
can be used with the optimized 3-DOF pre-ﬂight trajectory
to develop the high ﬁdelity 6-DOF guided trajectory.
Results of the high ﬁdelity 6-DOF simulation can be usedwith EAM to ﬁne tune the pitch and yaw gain schedules
that are used in EAM. With the proper gains, EAM can
be used in the vehicle’s ﬂight computer to guide the vehicle
to the desired target orbit. During the actual ﬂight, data
from the vehicle’s Inertial Navigation Unit (INU) is used
to provide deviations of the vehicle’s trajectory from the
pre-ﬂight trajectory. Those deviations are used in EAM
guidance to produce vehicle pitch and yaw angles required
to guide the vehicle on the intended trajectory. After the
ﬂight takes place, EAM can be used with post-ﬂight
telemetry data to reproduce the ﬂown trajectory, which is
useful in the post-ﬂight analysis. Results of this work
support the conclusion that the EAM guidance method is
simple and eﬀective. Therefore, EAM is a viable closed-
loop guidance option for missions that do not require
in-ﬂight re-optimization of the ascent trajectory. Mission
speciﬁc tailoring of EAM is needed before EAM can be
implemented on a ﬂight vehicle.
2. Energy angular momentum state vector representation
The energy angular momentum algorithm uses total spe-
ciﬁc orbital energy and speciﬁc orbital angular momentum
as two of the state vector parameters for the launch vehicle.
These two parameters replace apogee and perigee or equiv-
alently semi-major axis and eccentricity. The total speciﬁc
orbital energy (E) is the sum of the kinetic and gravita-
tional energy per unit mass, as shown in Eq. (1), where v
is the velocity magnitude and r is the radial distance from
the center of the Earth. Spherical gravity is assumed at this
point for simplicity. Speciﬁc orbital angular momentum
(AM) is the angular momentum magnitude about the cen-
ter of the Earth per unit mass and is computed in Eq. (2).
E ¼ 0:5v2  GM
r
ð1Þ
AM ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Jð1Þ2 þ Jð2Þ2 þ Jð3Þ3
q
ð2Þ
where J ¼ X V:
Fig. 1 is obtained when values of E and AM representing
various apogees and perigees are plotted in the energy
angular momentum plane (E-(AM) plane). The dashed
boundary line between the elliptical orbit region and non
feasible orbit region represents circular orbits. Feasible
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ity is assumed.
E ¼  ðGMÞ
2
2ðAMÞ2 ð3Þ
The boundary between the elliptical orbit region and the
hyperbolic orbit region represents parabolic orbits that
have E = 0. One can reduce the energy of an elliptical orbit
of constant angular momentum to a critical limit that
results in a circular orbit. However, the energy can be
increased to any desired value in the hyperbolic region.
One can compute the optimized pre-ﬂight trajectory in
terms of E and AM by using vehicle position and velocity
obtained from the pre-ﬂight trajectory. The resulting values
are plotted in the instantaneous energy angular momentum
plane (E-(AM) plane) to form the optimized trajectory in
the E-(AM) plane. A sample plot for a launch into a low
Earth orbit is illustrated in Fig. 2. A sample plot for a
launch into a geostationary transfer orbit is illustrated in
Fig. 3. A geostationary orbit ascent is depicted in Fig. 4.Fig. 2. Optimized ascent trajectory in the E-(AM
Fig. 3. Optimized ascent trajectory in the E-(AM) plIn each case, the ﬁrst point represents the launch vehicle
as it lifts oﬀ of the launch pad. Its energy and angular
momentum are determined by the launch pad location on
the Earth’s surface. The rotation of the Earth initializes
the energy and angular momentum. If the launch pad
was located at the North Pole or South Pole, the initial
angular momentum would be zero and the initial kinetic
energy would be zero, since the distance from the Earth’s
spin axis is zero at those points. Nevertheless, the total
energy would not be zero, since the gravitational potential
energy is not zero at any point on the Earth’s surface. The
vehicle’s initial energy and angular momentum as it lifts oﬀ
of the launch pad represents an orbit having an apogee
radius equal to the launch pad’s distance from the center
of the Earth. The associated perigee radius is much less
than the radius of the Earth. The initial inclination is equal
to the geocentric latitude of the launch pad. The inclination
angle is also equal to the angle between the Earth’s spin
axis and the orbital angular momentum vector. The initial
longitude of the ascending node, LAN, is equal to the
launch pad longitude minus 90. The ﬁnal point on the) plane terminating at a circular LEO orbit.
ane terminating at a geostationary transfer orbit.
Fig. 4. Optimized ascent trajectory in the E-(AM) plane terminating at a geostationary orbit.
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desired target orbit for the mission payload. In Figs. 2
and 4, the location of the ﬁnal points indicates that the
orbits are circular, whereas, in Fig. 3 the ﬁnal orbit is ellip-
tical. The energy and angular momentum values at the
respective ﬁnal points of an arbitrary ascent trajectory in
the E-(AM) plane correspond to the orbit injection apogee
and perigee values. The initial and ﬁnal points of the opti-
mized trajectory in the instantaneous E-(AM) plane are
connected by a curve of energy and angular momentum
values that represent the optimized trajectory. Other curves
in the E-(AM) plane that connect the initial and ﬁnal
points represent suboptimal trajectories, since the optimal
trajectory has a unique curve in the E-(AM) plane. Of
course, optimal trajectories in the E-(AM) plane depend
on details of the launch vehicle conﬁguration, including
thrust acceleration, number of burns, sequence of staging
and motor burn and vehicle coast events, etc. During a
launch vehicle’s ascent to orbit, its associated point in the
E-(AM) plane moves from the initial point to the ﬁnal
point. During ascent the E-(AM) plane typically rotates
in inertial space, since it is orthogonal to the angular
momentum vector, which also rotates in inertial space.
Therefore, the E-(AM) plane is considered the instanta-
neous E-(AM) plane in that it has a diﬀerent inertial space
orientation for each value of angular momentum
magnitude.
The vehicle’s energy and angular momentum in the
instantaneous E-(AM) plane moves along the optimized
trajectory only during powered ﬂight when the vehicle’s
thrust imparts energy and angular momentum to the vehi-
cle. During coast phases, the energy and angular momen-
tum remain ﬁxed, because energy and angular
momentum are conserved when no work is being done
on the launch vehicle. Since only spherical gravity was
included in the energy, higher order gravity terms, sun
and moon gravity can cause very small excursions of the
vehicle’s state in the E-(AM) plane during coast phases.
These deviations are treated by EAM as dispersions thatthe guidance algorithm will correct for during the powered
portion of ascent to orbit.
Given a pre-ﬂight optimized trajectory in terms of posi-
tion and velocity, the associated trajectory in the E-(AM)
plane can be computed with Eqs. (1) and (2). The energy
term includes only spherical gravity for simplicity. It will
be shown in the next section that there is no need to com-
pute higher order gravity terms or include the eﬀects of sun
or moon gravity in EAM guidance. The energy and angu-
lar momentum values can also be obtained from apogee
and perigee using Eqs. (4) and (5). When given energy
and angular momentum, apogee and perigee are given by
Eqs. (6) and (7).
E ¼ GMðra þ rpÞ ð4Þ
AM ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2GMrarp
ra þ rp
s
ð5Þ
ra ¼ GM
2E
1þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 2EðAMÞ
2
ðGMÞ2
s !
ð6Þ
rp ¼ GM
2E
1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 2EðAMÞ
2
ðGMÞ2
s !
ð7Þ3. EAM pitch steering algorithm
The EAM guidance algorithm works eﬀectively because
its pitch steering algorithm is designed speciﬁcally for the
energy and angular momentum state parameters. Fig. 5
illustrates the relationships among vehicle acceleration,
vehicle velocity, radial distance, ﬂight path angle and pitch
angle. Acceleration along a vehicle’s axial direction pro-
duces rates of changes in energy and angular momentum
given by Eqs. (8) and (9). The slope of the E-(AM) curve
is given by the ratio of the rates as shown in Eq. (10). This
equation provides a means of computing the required pitch
rv
a
P
γ
Fig. 5. Launch vehicle diagram showing relationships among velocity,
acceleration, pitch and ﬂight path angle.
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given by Eq. (11). Note that the pitch angle in Eq. (11) does
not depend on acceleration.
dE
dt
¼ v a cosðp  cÞ ð8Þ
dðAMÞ
dt
¼ r a cosðpÞ ð9Þ
dE
dðAMÞ ¼
v cosðp  cÞ
r cosðpÞ ð10Þ
sinðpÞ ¼
r dEdðAMÞ  v cosðcÞ
 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v2 þ r dEdðAMÞ
 2
 2r v cosðcÞ dEdðAMÞ
r ð11Þ
During ﬂight, the radial distance, velocity magnitude
and ﬂight path angle can be computed from the vehicle’s
INU data. Therefore, given the pre-launch optimized E-
(AM) curve, the pitch angle can be readily computed from
Eq. (11) using INU data, as the vehicle ascents to orbit. If
all systems are nominal and vehicle or environmental dis-
persions are not present, this pitch steering algorithm will
steer the vehicle along the prescribed pre-launch optimized
trajectory. It should be noted that higher order Earth grav-
ity terms and sun and moon gravity will tend to move the
vehicle oﬀ of the E-(AM) curve, since energy was evaluated
with spherical gravity only. Therefore, vehicle propagation
in the high ﬁdelity simulation should use additional gravity
terms as needed. This is of no concern, since EAM guid-
ance views the gravity perturbations or unmodelled gravity
terms as ﬂight dispersions and steers the vehicle back to the
E-(AM) curve. Vehicle and environmental dispersions also
cause the vehicle to deviate from the prescribed ascent tra-
jectory in the E-(AM) plane. The result of all the deviations
appears as an incorrect value of energy for a given value of
angular momentum. This energy dispersion can be cor-
rected by an appropriate adjustment to the slope of theE-(AM) curve given by Eq. (12), where k1 is a gain, AMf
is the angular momentum at orbit injection and e is a con-
stant having a value of 0.1 to prevent large values of dS
when AM comes close to AMf. Eq. (13) contains the cor-
rected slope found by using Eq. (12) and the slope of the
E-AM curve.
dS ¼ ðk1ÞDEð1þ eÞðAMÞf  ðAMÞ
ð12Þ
dE
dðAMÞ
 
C
¼ dE
dðAMÞ
 
þ dS ð13Þ
If the vehicle’s energy is too low, the slope is increased
using Eqs. (12) and (13) to move the vehicle back on the
prescribed E-(AM) curve. If the energy is too high, the
slope is decreased. For this proof-of-concept paper a gain
of 300 for exoatmospheric ﬂight was found to be accept-
able by using a trial and error method. In a more thorough
analysis, a gain schedule as a function of angular momen-
tum can be developed based on vehicle performance in
delivering the payload to orbit within the orbit accuracy
requirements while correcting for the expected dispersions.
A large set of Monte Carlo runs can conﬁrm the adequacy
of the selected gain schedule. Adjusting the slope of the
vehicle’s trajectory in the E-(AM) plane provides an eﬀec-
tive and powerful method to guide the vehicle to orbit
while steering out both small and large perturbations.
The EAM pitch steering algorithm works even as the vehi-
cle’s orbital plane and E-(AM) plane changes in orientation
in inertial space. Pitch steering works in unison with yaw
steering. Yaw steering insures that the vehicle’s orbital
plane has the correct orientation for each value of angular
momentum.
4. EAM yaw steering algorithm
The pitch steering algorithm controls the vehicle’s apo-
gee and perigee throughout ascent to orbit. The yaw steer-
ing algorithm controls the vehicle’s inclination throughout
launch ascent. Alternatively, if the right ascension of the
ascending node is also targeted, yaw steering controls both
inclination and right ascension of the ascending node.
Thus, one yaw steering algorithm controls only inclination
and the other controls both inclination and right ascension
of ascending node. The pre-ﬂight optimized trajectory is
used to create inclination versus angular momentum. These
values are used in the vehicle’s ﬂight computer and are
compared to the vehicle’s inclination computed from
INU data during ascent to orbit. Inclination is easily com-
puted from the angular momentum vector using Eq. (14).
An inclination correction angle is obtained by subtracting
the vehicle’s inclination from the inclination of the pre-
ﬂight trajectory at the same value of angular momentum
magnitude. The vehicle yaw angle required to adjust the
vehicle’s inclination is obtained by noting that the angular
momentum vector must be rotated by the torque provided
by the vehicle’s acceleration. Thus, the vehicle acceleration
Fig. 6. Diagram used in deﬁning inclination angle, i, and right ascension
of the ascending node angle, X based on the direction of the angular
momentum vector.
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radial distance from the center of the Earth provides the
needed torque. The eﬀectiveness of the torque depends on
the latitude of the vehicle. Torque is most eﬀective at low
values of latitude and least eﬀective high values of latitude.
Thus, a simple equation for the value of yaw is given by
Eq. (15), where k2 is a gain, AMf is the angular momentum at
orbit injection, “a” is acceleration, e1 is an adjustable con-
stant of value 0.01 and / is the argument of latitude. The
argument of latitude captures the dependence of yaw steer-
ing eﬀectiveness on latitude. The term in the denominator
containing parenthesis tends to increase the yaw angle as
AM reaches AMf to eﬀectively increase the gain near the
terminal point. In this paper a yaw gain, k2, was found
by trial and error. A value of 200 was found to work satis-
factorily. In a more thorough analysis, a yaw steering gain
schedule can be developed in a manner similar to the pitch
gain schedule. The yaw gain is varied with angular momen-
tum such that the mission target orbit will be achieved
while correcting for ﬂight dispersions. A large set of Monte
Carlo runs should be made to ensure that the selected yaw
gain schedule leads to an acceptable orbit injection satisfy-
ing mission accuracy requirements. Care must be taken to
ensure the correct sign in Eq. (15) is used, since descending
node and ascending node orbits need diﬀerent signs in
Eq. (15).
i ¼ cos1 Jð3ÞðAMÞ
 
ð14Þ
dh ¼ DiðAMÞk2ðAMÞf N
a r cosð/ÞððAMÞf ð1þ e1Þ  ðAMÞÞ
ð15Þ
where Di ¼ ic  i:
N equals +1 for ascending node and 1 for descending
node. ic is the inclination obtained from the pre-ﬂight tra-
jectory at the same value of angular momentum. It is
assumed that the yaw steering angle will not be too large
for expected dispersions. However, for highly dispersed
or anomalous cases the yaw angle may be driven high
enough to risk the mission. To prevent mission loss, an
upper limit can be placed on the vehicle’s yaw angle to
ensure that the vehicle will attain orbit, even if the trajec-
tory is anomalous. A yaw limit of 52 was used in this
work. In some cases, controlling inclination alone results
in the correct right ascension of ascending node at orbit
injection.
Fig. 6 illustrates the vehicle’s orbit plane and angular
momentum vector with respect to inclination and right
ascension of the ascending node. If the vehicle’s ﬁnal angu-
lar momentum vector points in the correct targeted direc-
tion, both inclination and right ascension of the
ascending node will have their respective targeted values.
Therefore, a second yaw steering algorithm is developed
to target inclination and right ascension of the ascending
node by driving the angular momentum vector to its pre-
scribed direction during ascent to orbit. Let dJ be thediﬀerence in pre-ﬂight angular momentum and vehicle
angular momentum, as given in Eq. (16).
dJ ¼ JP  JV ð16Þ
The change in angular momentum caused by a yaw
angle is in the direction deﬁned by the cross product of
the vehicle angular momentum vector and the vehicle posi-
tion vector divided by (AM) r, which is given by
JY ¼ J XrðAMÞ ð17Þ
Note that JY is a unit vector. The required angular
momentum correction is given by the dot product of dJ
and JY.
D ¼ dJ  JY ð18Þ
The yaw angle multiplied by the vehicle acceleration and
radial distance provides the torque to correct the angular
momentum vector. Thus, the yaw angle is given by
Eq. (19), where k3 is a gain.
dh ¼ k3D
r a
ð19Þ
Eq. (19) is used to correct the angular momentum point-
ing direction using the yaw angle. A value for k3 of 200 for
exoatmospheric ﬂight was found adequate for this proof-
of-concept paper. A simple trial and error method was used
to ﬁnd the value. In a more thorough analysis, the gain can
be varied as a function of angular momentum magnitude to
satisfy mission injection accuracy requirements while cor-
recting for dispersions that aﬀect inclination and right
ascension of the ascending node. This gain schedule should
be loaded into the ﬂight computer prior to launch. The
ability to correct inclination using the vehicle’s yaw angle
varies with the argument of latitude for any yaw steering
algorithm. The most control authority the yaw angle has
in controlling inclination occurs at the ascending and
descending nodes where the argument of latitude is zero
or 180. The yaw angle has the least inﬂuence on inclina-
tion when the argument of latitude is +90 or 90. The
opposite is true for right ascension of the ascending node.
The yaw angle has its greatest inﬂuence for argument of
latitude +90 or 90 and least inﬂuence at the nodal
1502 R.P. Patera / Advances in Space Research 55 (2015) 1495–1511crossings with arguments of latitudes near zero and 180.
Therefore, when targeting both inclination and right ascen-
sion of ascending node, care must be taken in choosing the
proper yaw gain as a function of angular momentum.
5. Aerodynamic load relief
The pre-ﬂight optimized trajectory is used to create the
corresponding EAM trajectory that is used to guide the
vehicle. Atmospheric prevailing winds that vary as a func-
tion of altitude can be used in the trajectory optimization.
However, the day-of-launch (DOL) wind proﬁle may diﬀer
from the proﬁle used to create the pre-ﬂight EAM trajec-
tory. In addition, wind gusts can cause larger than antici-
pated pitch angle of attack (alpha) and yaw angle of
attack (beta). The larger angles of attack can cause high
structural loading on the vehicle during atmospheric ﬂight
when the aerodynamic pressure is high. In order to reduce
the structural loading on the vehicle, the vehicle’s attitude
is altered to reduce the angle of attack. The load relief
method used in this work uses lateral acceleration to adjust
pitch and yaw angles. With lower attack angles the lateral
loads will be reduced. Eqs. (20) and (21) are the pitch and
yaw correction angles used to achieve load relief, where
M(t) is the time dependent vehicle mass and kL is a gain
given by 1.75e6 radians per pound force. The lateral y
and z accelerations are given by A(2) and A(3), where
A(2) is directed opposite to J and A(3) is directed opposite
to X.
dp ¼ MðtÞkLAð3Þ ð20Þ
dy ¼ MðtÞkLAð2Þ ð21Þ
The gain was adjusted to yield adequate results for pur-
poses of illustration in this work. Eq. (20) indicates that if
the acceleration is directed down, the load relief pitch
adjustment is an increase in pitch angle, which moves the
nose of the vehicle up. Eq. (21) indicates that if the aerody-
namic acceleration is directed to the right, the yaw adjust-
ment is negative and moves the nose to the left. The vehicle
load relief pitch angle is obtained using Eqs. (10) and (20).
pL ¼ p þ dp ð22Þ
The vehicle load relief yaw angle is found using Eq. (15)
or (19) and Eq. (21).
dhL ¼ dhþ dy ð23Þ
A more reﬁned formulation may employ a variable gain
rather than a ﬁxed gain, as is used in this work. When load
relief is used, the pitch and yaw adjustments move the vehi-
cle oﬀ the pre-ﬂight trajectory. Once out of the atmosphere,
load relief is no longer needed and EAM guidance steers
the vehicle back to the pre-ﬂight trajectory.
6. Guidance processing
Guidance processing begins with the pre-ﬂight opti-
mized trajectory that satisﬁes all of the ﬂight constraintsand injection accuracy requirements. A trajectory output
ﬁle containing position and velocity vectors as a function
of time is used to compute the associated speciﬁc angular
momentum magnitude, speciﬁc total energy, orbital incli-
nation and the angular momentum unit vector. This trajec-
tory is stored in the high ﬁdelity 6-DOF EAM closed-loop
guidance simulation. The position and velocity that is sim-
ulated by the high ﬁdelity simulation from its simulated
INU is used to create energy and angular momentum dur-
ing ascent. During ascent to orbit, the pre-ﬂight energy
associated with the ﬂight angular momentum is obtained
from the pre-ﬂight E-(AM) ﬁle using numeral interpola-
tion. The diﬀerence in energy values is used in Eqs. (12)
and (13) to correct the slope of the E-(AM) ﬁle. The results
are used in Eq. (11) to create the vehicle pitch angle that is
sent to the vehicle control system. For inclination target-
ing, the vehicle’s inclination is determined from the simu-
lated INU data. The pre-ﬂight inclination associated with
the ﬂight angular momentum is obtained from the pre-
ﬂight i-(AM) ﬁle using numerical interpolation. The diﬀer-
ence in inclination values is used in Eq. (15) to obtain the
vehicle yaw angle that is sent to the vehicle control system.
Alternatively, the pre-ﬂight angular momentum vector
associated with the angular momentum magnitude is com-
pared to the vehicle’s simulated angular momentum vector.
The diﬀerence in vectors is used in Eqs. (16)–(19) to com-
pute the yaw angle command. The process is repeated for
each guidance command update. The appropriate size of
the time step between guidance command updates is deter-
mined during the targeting process. Since the computa-
tional requirements for each update is so small, a small
time interval and associated angular momentum step size
is possible.
Fig. 7 illustrates the pre-ﬂight guidance processing.
Fig. 7 indicates that once the 3 DOF trajectory that satis-
ﬁes mission requirements is obtained, the associated
E-(AM) and i-(AM) trajectories are computed. If the right
ascension of the ascending node is targeted, an angular
momentum vector versus angular momentum magnitude,
J-(AM), is created. The appropriate guidance trajectories
are used as input to the high ﬁdelity 6 DOF simulation.
Pitch and yaw steering gain schedules are developed by
stress testing using large parameter dispersions. Validation
of the gain schedules is performed using a Monte Carlo
simulation to verify that the mission requirements are
met using the expected parameter variation statistics. Once
the gains are selected, they are ready for use on the ﬂight
vehicle.
Fig. 8 illustrates the guidance processing onboard the
ﬂight vehicle. The E-(AM), i-(AM) or J-(AM) trajectories
are stored in the launch vehicle’s ﬂight computer. The
appropriate guidance gain schedules are also loaded into
the ﬂight computer. The vehicle’s INU generates values
of position and velocity during ascent to orbit. Corre-
sponding values of E, (AM), i or J are computed. Energy,
inclination or angular momentum unit vector are com-
pared to the values from the stored pre-ﬂight trajectories
3-DOF optimized trajectory 
generates Sequential file: energy, 
angular momentum and inclination
6-DOF high fidelity pre-flight simulation uses 
E, J, and I to steer vehicle to target orbit.  
Stress testing is performed to select 
algorithm gains
Launch vehicle guidance 
module in flight computer
E, J, I
E, J, I
Gains for 
pitch and yaw 
corrections
Fig. 7. Pre-ﬂight processing used to obtain the pre-ﬂight trajectories with associated gains to be used by the guidance algorithm.
INU generates 
inertial position 
and velocity 
Compute specific energy, 
specific angular momentum 
and inclination
Obtain energy, 
inclination from pre-
computed data file and 
compute dE/d(AM)
Compute corrections to 
dE/d(AM) and yaw using 
ΔE,  ΔI and pre-computed 
gains 
Compute pitch and 
yaw steering angles
Compute differences in 
energy and inclination
X, V
J
E, J,  i
E, J,  i
ΔE, Δi
dE/d(AM)
ΔEí, 
ΔY
To vehicle 
control system
Fig. 8. Onboard guidance processing that produces the pitch and yaw
steering commands.
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energy diﬀerence is used with the gain to produce the cor-
rection to the slope of the E-(AM) curve in Eq. (12). The
corrected slope from Eq. (13) is used in Eq. (11) to obtain
the pitch steering command. In a similar manner, the incli-
nation error is used with the yaw gain in Eq. (15) to pro-
duce the yaw angle command. Alternatively, the error in
J is used with the alternative yaw gain to produce the
yaw angle command in Eq. (19). These pitch and yaw steer-
ing angles are sent to the vehicle’s control system to gener-
ate the appropriate control system commands. The control
system commands are further processed to develop the
actuator commands, which are required to maintain vehicle
stability while steering the vehicle on the correct course.
The process is repeated for each guidance command
update. Since the vehicle is continuously being steered back
to the E-(AM), i-(AM) or J-(AM) trajectories, trajectory
perturbations are eﬀectively controlled.
7. Engine shut down at parking orbit or orbit injection
The desired target orbit is reached when the launch vehi-
cle’s angular momentum attains the last value of thepre-ﬂight trajectory angular momentum. An intermediate
parking orbit can also be targeted. In either case, an accu-
rate engine shutdown command is needed to satisfy orbit
accuracy requirements. Since any impulse applied to the
launch vehicle at orbit injection can cause error in the ﬁnal
orbit, particularly in apogee for highly elliptical orbits, it is
important to predict an accurate engine cutoﬀ time or time-
to-go (TGO). In addition, the engine’s tailoﬀ impulse can
impart a signiﬁcant velocity increment to the vehicle after
engine cutoﬀ. Therefore, with an accurate estimate of
TGO, the engine shutdown command can be sent prior to
the predicted TGO to account for the shutdown impulse.
In this manner, an accurate orbit injection can be achieved.
Fortunately, EAM guidance provides a simple direct
method to predict TGO. The vehicle acceleration, radial
distance and pitch angle determine the rate of change of
angular momentum. Since the angular momentum required
at orbit injection is known, so is TGO, which is given by
Eq. (24). The ﬁnal angular momentum is obtained from
the pre-ﬂight trajectory and the other values in Eq. (24)
are obtained or computed from INU data. The TGO value
given in Eq. (24) is valid, since the radial distance, acceler-
ation and vehicle pitch angle do not change rapidly near
orbit injection for a properly designed ascent trajectory.
The closer to orbit injection the more accurate the TGO
prediction is. Since the computational burden of EAM
guidance is so small, the guidance update time steps can
be very small, which results in accurate TGO predictions.
TGO ¼ ðAMÞf  ðAMÞ
a r cosðpÞ ð24Þ8. Unique features of EAM
Two signiﬁcant features of EAM guidance are its use of
angular momentum as an independent variable and its
pitch steering algorithm. Another signiﬁcant feature is that
EAM guidance continually targets the pre-ﬂight trajectory
at the current value of the vehicle’s angular momentum
rather than the target state vector at speciﬁc trajectory
** Vehicle position in E-J plane
Implicit target location for EAM guidance ó a single point represents an 
entire orbitE
Fig. 9. Pitch steering is illustrated showing it move the vehicle state back to the E-(AM) trajectory.
*
*
Vehicle position in space
Targeted vehicle position for most other 
guidance algorithms — only a single point 
in orbit is targeted
Target orbit for EAM 
guidance
EAM does not have to calculate this 
point.  Vehicle flight determines 
which point on the orbit will be 
reached. 
Fig. 10. Orbit targeted by EAM results in the vehicle arriving at the correct point on the orbit implicitly.
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The pitch steering algorithm eﬀectively targets points in
the E-(AM) plane. Since each E-(AM) point represents
an entire orbit, EAM does not target a speciﬁc point on
the orbit. Figs. 9 and 10 illustrate the guidance concept.
By following the pre-ﬂight trajectory in the E-(AM) plane,
EAM guidance continually targets orbits representing the
vehicle’s state as it ascents to orbit. Therefore, the vehicle
implicitly arrives at the correct position and velocity within
each intermediate orbit without speciﬁcally targeting posi-
tion and velocity.
The manner in which the vehicle’s sequence of events
aﬀects the ascent trajectory is through the optimized trajec-
tory in the E-(AM) plane. Speciﬁc details of a particular
mission, such as, motor burn times or acceleration will
aﬀect the optimized trajectory in the E-(AM) plane. Time
is not explicitly used in EAM guidance except for the
time-to-go (TGO) calculation, which is needed to account
for the engine thrust tail-oﬀ impulse. If yaw steering is
based on time the IIP traces may deviate from the nominal
when the vehicle acceleration is signiﬁcantly below nomi-
nal. Since EAM guidance is independent of time, disper-
sions or anomalies that are directly related to time may
not negatively impact EAM steering. For example, a vehi-
cle with a signiﬁcantly lower than nominal thrust will have
nearly the same ground-track and instantaneous impact
point (IIP), as a vehicle with nominal performance.
Another feature of this guidance algorithm is that it can
be employed from liftoﬀ to orbit injection, as illustrated in
the numerical examples which simulate the closed-loop
guided vehicle from pad liftoﬀ to orbit injection. Day of
launch winds can cause the vehicle to move oﬀ of its
intended trajectory. Aerodynamic load relief lowers thetotal angle of attack and steers the vehicle away from its
intended trajectory. A numerical example of EAM guid-
ance under wind conditions is provided, but a detailed
assessment of aerodynamic loading and engine gimbal
response is beyond the scope of this proof of concept
paper. Once out of the atmosphere, the guidance algorithm
continues to correct for environmental and vehicle disper-
sions and places the vehicle back on the optimized trajec-
tory in the E-(AM) plane.
9. Proof of concept with numerical results
The EAM guidance algorithm was demonstrated with
the use of several launch ascent trajectories. To avoid using
sensitive data from actual launches, test data was created to
analyze the performance of the EAM guidance algorithm.
The ﬁrst step was to create each trajectory using an
open-loop 3-DOF simulation. Fig. 11 illustrates the thrust
and weight time history of the two stage launch vehicle
used for both the 3-DOF open-loop simulation and the
3-DOF closed-loop guided simulation. A 14,500 lbs pay-
load weight was assumed. Fig. 12 shows the associated
acceleration proﬁle. A set of target trajectories with various
launch azimuths and associated orbit injection state vectors
were created as shown in Table 1. No attempt was made to
optimize these suboptimal open-loop target trajectories,
since EAM guidance can work for any input trajectory,
whether it is optimized or not. The 3 DOF trajectory sim-
ulation was used to create a ﬁle containing position and
velocity as a function of time for each of the target trajec-
tories. Another simulation tool used the position velocity
information to create the associated target trajectory ﬁles
of E-(AM), i-(AM) and J-(AM).
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Fig. 11. Launch vehicle weight and thrust versus time, assuming payload weight of 14,500 lbs.
Fig. 12. Launch vehicle acceleration versus time.
Table 1
Performance of EAM for various target orbits.
Launch Azimuth, deg/payload wgt, lbs 45/14,500 75/10,500 90/17,500 110/12,500
Inclination, deg Target 49.559 31.237 28.339 33.976
EAM 49.540 31.231 28.339 33.986
Delta (EAM-target) 0.019 0.006 0 0.01
Apogee, nm Target 764.41 424.10 767.52 775.76
EAM 764.46 424.16 767.89 775.81
Delta (EAM-target) 0.05 0.06 0.37 0.05
Perigee, nm Target 212.60 154.20 210.04 204.16
EAM 212.70 154.29 210.78 204.21
Delta (EAM-target) 0.10 0.09 0.74 0.05
LAN, deg Target LAN 253.14 217.77 189.42 153.68
EAM LAN 253.16 217.77 189.42 153.70
Delta (EAM-target) 0.02 0 0 0.02
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used to demonstrate the EAM guidance algorithm for each
test trajectory presented in Table 1. The guided simulation
used the E-(AM) and J-(AM) ﬁles to steer the launch vehi-
cle from the launch pad to orbit injection. The 3-DOF
closed-loop simulation used a time step of 0.04 s for prop-
agation and guidance command updates. Engine thrust
was terminated within 0.003 s of vehicle achieving the tar-
get orbit speciﬁc angular momentum. The lag in vehicle
steering due to its transverse moment of inertial was simu-
lated as a weighted average of the new pitch steeringcommand value and the previous value, where the new
value was weighted as 1/24 of the previous value. A similar
weighted average method was used for yaw steering. A
pitch steering gain (k1) of 5 was used from liftoﬀ to 110 s.
Between 110 and 120 s the value was linearly increased to
300. A ﬁxed value of 300 was used after 120 s. Yaw steering
employed the algorithm in Eq. (19). A yaw steering gain
(k3) of 20 was used from liftoﬀ to 110 s. Between 110 and
120 s, the yaw gain was linearly increased to 200. After
120 s, a value of 200 was used. Aerodynamic load relief
was applied from 50 to 120 s. The pitch, yaw and load relief
Fig. 13. Radial distance and radial velocity versus time for ascent trajectory that is studied in detail.
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Fig. 14. Inclination and LAN versus time for ascent trajectory corresponding to Fig. 13.
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since our purpose is proof-of-concept only. The ability of
the guided simulation to reproduce the open-loop trajec-
tory was quantiﬁed by comparing the state vectors at orbit
injection shown in Table 1. Results indicate that EAM
guidance was able to steer the launch vehicle to the correct
orbit with high injection accuracy. Variations in launch azi-
muth and ﬁnal orbit apogee, perigee, inclination and longi-
tude of ascending node indicate that EAM guidance is
versatile and can guide a vehicle to any prescribed pre-
launch trajectory.
The performance of EAM guidance in the presence of
dispersions was examined for the trajectory given in
Fig. 13, which shows radial distance and radial velocity as
a function of time. Fig. 14 illustrates the associated inclina-
tion and longitude of the ascending node versus time. Fig. 15
illustrates the energy versus angular momentum magnitude
for the launch ascent in the E-(AM) plane. Fig. 16 contains
the inclination and longitude of the ascending node as afunction of angular momentum magnitude. EAM used
information contained in Figs. 15 and 16 to steer the vehicle
to orbit for all the cases presented in Table 2. North–South
and East–West winds deﬁned by Eq. (25) were introduced to
test EAM’s load relief algorithm.
AMP ¼ ðhb  rÞðr  haÞðhb  haÞ2
ha < r < hb ð25Þ
where hb corresponds to an altitude of 38,300 feet, ha cor-
responds to an altitude of 21,200 feet. Eq. (25) is the wind
speed proﬁle as a function of altitude. It has a maximum
value of 0.25 when the altitude is midway between ha and
hb. For winds shown in Table 2, a value of 424 ft/s was
multiplied by AMP from Eq. (25) to obtain the altitude
dependent winds speed. The wind speed reaches a peak
value of 106 ft/s, when r is midway between ha and hb. A
positive wind represents wind coming from the southwest
direction. A negative wind represents wind coming from
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Fig. 15. Ascent trajectory in the E-(AM) plane used by the pitch steering algorithm corresponding to Fig. 13.
Fig. 16. Inclination and LAN versus angular momentum used in yaw steering corresponding to Fig. 13.
Table 2
Performance of EAM with environmental and vehicle dispersions.
Apogee,
nm
Apogee
delta, nm
Perigee,
nm
Perigee
delta, nm
Inclination,
deg
Inclination
delta, deg
LAN,
deg
LAN
delta,
deg
Ideal
velocity,
ft/s
Target 399.89 n/a 148.40 n/a 49.486 n/a 253.14 n/a 32,628
Open-loop 400.18 0.29 148.30 0.10 49.476 0.01 253.14 0.0 32,679
Closed-loop 400.17 0.28 148.29 0.11 49.478 0.008 253.14 0.0 32,625
Open-loop with negative winds & dispersions 399.99 0.10 148.46 0.06 49.484 0.002 253.14 0.0 32,187
Closed-loop with negative winds & dispersions 400.00 0.11 148.44 0.04 49.480 0.006 253.14 0.0 32,206
open-loop with positive winds & dispersions 400.00 0.11 148.44 0.04 49.485 0.001 253.14 0.0 32,175
Closed-loop with positive winds & dispersions 400.00 0.11 148.51 0.11 49.485 0.001 253.14 0.0 32,174
Closed-loop with negative winds, dispersions & 90%
low thrust after 237 s. Delays SECO by 45 s.
400.04 0.15 148.41 0.01 49.464 0.002 253.15 0.01 32,200
R.P. Patera / Advances in Space Research 55 (2015) 1495–1511 1507the northeast direction. A disturbing force was applied to
the vehicle to test EAM’s ability to correct environmental
disturbances. An external disturbing force of 10,000 lbs
was applied along each inertial coordinate from 300 to
320 s and from 450 to 470 s. The total disturbing force is
the root sum square of the three forces, yielding 17,320 lbs.Table 2 contains results for various cases using EAM.
The ﬁrst row contains the target orbit. The second row
shows results for the open-loop case with the pitch gain
set to zero from 0 to 120 s. The pitch gain is 300 from
120 s to the remainder of the ﬂight. The third row shows
results for load relief with closed-loop guidance during
1508 R.P. Patera / Advances in Space Research 55 (2015) 1495–1511atmospheric ascent. The fourth row illustrates results for
open-loop atmospheric ﬂight (zero pitch gain) with the
external disturbing force and northeasterly winds.
Eq. (25) was used for the functional form of the winds,
which peak at 106 ft/s. The ﬁfth row contains results for
the case in the fourth row, but closed-loop guidance was
used in the atmosphere with load relief. The sixth and sev-
enth rows contain results for the same cases as the fourth
and ﬁfth rows, but with the direction of the winds reversed.
In the sixth and seventh rows, the winds are from the
southwesterly direction and peak at 106 ft/s. The ﬁnal
row of Table 2 contains results with the external forces,
negative winds and a thrust reduction to 90% after 237 s.
The lower thrust resulted in a second stage burn that was
45 s longer. Nevertheless the target orbit was reached.
The last column of Table 2 contains the Ideal Velocity,
which is based on the rocket equation with no gravitational
or drag forces. The Ideal Velocity is a measure of perfor-
mance. It shows that the EAM guided Ideal Velocity is
consistent with the target ideal velocity. All of the results
in Table 2 show very good matches to the target orbit. This
can be attributed to EAM closed-loop guidance correcting
for external forces and atmospheric winds during the
exoatmospheric portion of the ﬂight.-3.0E+05 
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Fig. 18. The same case as in Fig. 17 but with load relief and guiThe method used to examine the performance of EAM
highlights the advantage of the energy angular momentum
formulation. In order for the guided trajectory to match
the target trajectory, it must have the same values of
energy, inclination and LAN for each value of angular
momentum throughout ascent to orbit. Using both target
and EAM trajectories with an interpolation scheme based
on angular momentum, the energy diﬀerences between
the two trajectories were computed. In a similar manner
the inclination and LAN diﬀerences were also computed.
Fig. 17 correspond to the fourth row in Table 2, where
open-loop steering is used from liftoﬀ to 120 s and negative
winds are present. Fig. 17 illustrates the energy, inclination
and LAN diﬀerences between the open-loop pre-ﬂight tra-
jectory and the close-loop guided trajectory for the same
values of angular momentum but plotted as a function of
time from the guided simulation. Parameter diﬀerences
appear during the open-loop portion of the trajectory
and diminish after closed-loop pitch steering begins at
120 s. The perturbations caused by the external disturbing
forces are clearly visible in the plot of energy at 300 and
450 s. The energy, inclination and LAN diﬀerences are dri-
ven towards zero throughout the ascent. Fig. 18 illustrates
the same disturbances as in Fig. 17, but closed-loop-1 
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dance during the atmospheric portion of the ascent to orbit.
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ascent. Fig. 18 corresponds to row ﬁve in Table 2.
Fig. 18 indicates that load relief causes the vehicle to steer
oﬀ of the pre-ﬂight trajectory to reduce the angle of attack.
As a result, EAM has to correct larger deviations then in
Fig. 17. Therefore, it takes a bit longer to reduce the energy
deviations, as illustrated in Fig. 18. Figs. 19 and 20Fig. 19. Pitch angle of attack corresponding to cases in Figs. 17 and 18. Load r
Fig. 20. Yaw angle of attack or beta, corresponding to Figs. 17 and 18. Load r
Fig. 21. The product of total alpha and dynamic pressure corresponding to Fi
reduce vehicle structural loads.illustrate alpha and beta angles with and without load relief
during atmospheric ascent corresponding to Figs. 17 and
18 and rows four and ﬁve in Table 2. The bulge associated
with the wind disturbance is evident. Load relief reduces
alpha and beta during the high dynamic pressure region.
Alpha and beta are no longer being computed and are
set to zero in Figs. 19 and 20 when the dynamic pressureelief lowers the angle of attack during the region of high dynamic pressure.
elief lowers the angle of attack during the region of high dynamic pressure.
gs. 17 and 18. Load relief lowers q-alpha 50% for the wind disturbance to
Fig. 22. Dynamic pressure corresponding to Figs. 17 and 18. Load relief shifts the pressure curve to the right.
Fig. 23. A comparison of the IIP trace for nominal and a low thrust vehicle. The IIP traces overlap indicates ﬁxed IIP traces for large thrust variations.
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beta angles increase once past peak dynamic pressure when
the vehicle is correcting for disturbances during atmo-
spheric ﬂight, the q-alpha remains low as illustrated in
Fig. 21. The eﬀectiveness of load relief is clearly visible in
Fig. 21, where q-alpha is reduced from roughly 3000 to
1500 during the wind disturbance. Fig. 22 depicts the
dynamic pressure with and without load relief. Load relief
tends to reduce the pitch angle and vehicle altitude. As a
result the dynamic pressure curve shifts a bit to the right
when load relief is used.
A beneﬁcial feature of EAM guidance algorithm is that
the IIP trace remains nearly constant even for cases involv-
ing lower thrust. Fig. 23 illustrates a comparison between
the nominal and the 90% thrust case. As illustrated in
Fig. 23, the traces overlap, indicating that the low thrust
does not cause the IIP trace to deviate from the nominal.
This situation is not true for time based open-loop yaw
steering, because time does not slow down for low thrust
cases. Since EAM guidance uses angular momentum as
an independent variable, a lower thrust level also retards
the angular momentum magnitude so that yaw steering
and down range motion remain synchronized. This resultsin a nearly constant IIP for variations in vehicle thrust.
Only the slight shift in the position of the rotating Earth
beneath the IIP serves to cause a deviation. This shift is
due to the slight time shift of the low thrust IIP trace.
10. Conclusions
The energy angular momentum guidance method was
developed and shown to be ideally suited for the ascent
guidance problem. The algorithm requires the availability
of a pre-ﬂight trajectory satisfying mission constraints
and requirements. The pre-ﬂight energy angular momen-
tum ascent trajectory is created from pre-ﬂight trajectory
position and velocity. Each point in the energy angular
momentum plane represents an orbit with a speciﬁc apogee
and perigee. The pre-ﬂight ascent trajectory in the energy
angular momentum plane is a curve beginning at the
launch pad and ending at orbit injection. This trajectory
is used by the guidance algorithm to steer the vehicle to
orbit injection without propagating the vehicle in the guid-
ance algorithm. The pitch steering algorithm causes the
vehicle state to move along the ascent trajectory in the
energy angular momentum plane. It also moves the vehicle
R.P. Patera / Advances in Space Research 55 (2015) 1495–1511 1511state back to the trajectory when disturbances cause trajec-
tory deviations. Pitch steering ensures that the correct apo-
gee and perigee are achieved at orbit injection by keeping
the vehicle state on the energy angular momentum trajec-
tory. A yaw algorithm was developed to ensure that the
energy angular momentum plane remains aligned with
the ascent orbital plane. Yaw steering ensures that the cor-
rect inclination and longitude of ascending node are
attained at orbit injection. A load relief algorithm was also
developed to reduce structural loads during atmospheric
ﬂight.
Numerical test cases showed that the guidance algo-
rithm works well for various target orbits and inclinations.
The Ideal Velocity metric was used to show that the guided
trajectory was consistent with the pre-ﬂight trajectory in
terms of performance. The load relief algorithm was dem-
onstrated with a strong wind and showed that q-alpha was
reduced. The trajectory deviation caused by use of load
relief was corrected by the guidance algorithm during
exoatmospheric ﬂight. The guidance algorithm accurately
guided the vehicle to orbit when signiﬁcant external forces
were applied to the vehicle. Although a low thrust test case
required a longer burn, the IIP trace remained ﬁxed while
the vehicle was accurately guided to orbit. Numerical test-
ing has shown that EAM corrects for vehicle and environ-
mental dispersions while delivering the payload to the
required mission orbit accurately.The present study validates the EAM guidance method
and serves as a basis for mission speciﬁc tailoring. EAM
should be considered a viable option for launch vehicle
ascent guidance for missions that do not require in-ﬂight
re-optimization.
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